. Functional domain organization of ERAD components in Saccharomyces cerevisiae, Homo sapiens, and Chlamydomonas reinhardtii. All protein sequences were retrieved from NBCI (for yeast and human proteins) or Phytozome (1) (for Chlamydomonas) and submitted to SMART (Simple Modular Architecture Research Tool, http://smart.embl-heidelberg.de) for domain detection. Chlamydomonas proteins with gene names highlighted in color have large stretches of low complexity, which are not supported by GRAbB-generated in silico cDNAs (SI Appendix, Fig. S2 ) and may denote an incorrect gene model. All orthologous proteins are shown in the order: yeast, human, Chlamydomonas.
Figure S1 (continued). Functional domain organization of ERAD components in
Saccharomyces cerevisiae, Homo sapiens, and Chlamydomonas reinhardtii. All protein sequences were retrieved from NBCI (for yeast and human proteins) or Phytozome (1) (for Chlamydomonas) and submitted to SMART (Simple Modular Architecture Research Tool, http://smart.embl-heidelberg.de), for domain detection. Chlamydomonas proteins with gene names highlighted in color have large stretches of low complexity, which are not supported by GRAbBgenerated in silico cDNAs (SI Appendix, Fig. S2 ) and may denote an incorrect gene model. All orthologous proteins are shown in the order: yeast, human, Chlamydomonas. Figure S2 . Resolving incorrect gene models for the Chlamydomonas NPL4, HRD1, Cue1 and EDEM1 orthologs. We used GRAbB (2) to assemble the full coding sequences corresponding to the Chlamydomonas NPL4, HRD1, Cue1 and EDEM1 genes. The sequences were assembled from a paired-end RNAseq experiment with high sequence coverage (run SRR2132411 from the Short Read Archive SRA at NCBI), using only the parts of the genes that code for expected functional domains as seeds. The final GRAbB sequences and deduced protein sequences (with functional domains) are shown in the grey boxes below each GRAbB seed.
Figure S3. Cytosolic proteasome puncta dynamically assemble. (A-D) Time series of live
Chlamydomonas mat3-4 cells expressing Rpn11-mVenus. 3D Z-stacks were acquired once per minute by widefield deconvolution fluorescence microscopy. The first image of each time series is an overlay of Rpn11-mVenus (green) and chlorophyll autofluorescence (magenta) at 0 min, displaying the apical (api) and basal (bas) sides of the cell. The greyscale images in each timeseries track Rpn11-mVenus over 14 minutes, showing maximum intensity projections through all Z-slices containing puncta. Small yellow arrowheads indicate newly assembled puncta, with clear signal that appears and can be tracked over time, despite significant photobleaching during the time series. The large red arrowhead in D is a fusion event between the newly assembled punctum and a preexisting punctum. See Movie 1. Left column: ER-proximal proteasomes within the degradation microcompartments, with 19S caps that are in the substrate-processing conformational state and are bound to an orange extra density that originates from the ER membrane ( Fig. 5B-C) . The extra density is bound to the proteasome's Rpt AAA-ATPase ring near the cap's Rpn1 subunit. Middle-left column: substrateprocessing state proteasomes bound to poly-GA neurodegenerative aggregates, with the blue extra density corresponding to the engaged aggregate, a known substrate (EMD-3915) (7) . This extra density is also bound to the AAA-ATPase ring near Rpn1. Middle-right column: proteasomes localized to the nuclear pore complex, with pink extra density corresponding to a linker protein and the inner nuclear membrane (EMD-3936) (8) . The linker density binds the Rpn9 subunit of the proteasome's 19S cap. Right column: overlay of the three averages, fitted to each other in UCSF Chimera software (9) . The density originating from the ER (orange) occupies the same binding position on the proteasome as the neurodegenerative aggregate substrate (blue). Thus, the orange density is very likely substrate that is engaged by the proteasome. As the orange density emanates from the ER membrane ( Fig. 5C ), we conclude that these proteasomes are likely engaged with ER-localized substrates. Figure S15 . Hybrid Cdc48-proteasome complexes are not found within the cellular tomograms by template matching. Left: the tomograms where searched with templates of a 20S proteasome core particle attached on its ends to one (single-hybrid) or two (double-hybrid) Cdc48 complexes. Right: the particles with the top scoring correlation coefficients were extracted and subjected to reference-free alignment in PyTom software (10) . Rather than recovering a hybrid structure, these particles aligned to produce a structure of a normal 26S proteasome. (see methods and Fig. 5B) . The probability of drawing a group of proteasomes with >50% substrate-processing caps from the pool of clustered proteasomes >20 nm from the membrane, evaluated over different sample sizes. In blue, the pool is comprised of ground, processing, and unclassified caps, and the probability was determined by numerical simulations (1000 draws). In red, the probability was analytically calculated from a pool of only ground and processing caps, using an urn model without replacement and order. The arrow indicates the number of caps <20 nm from the membrane in our dataset (sample size= 14). The numerical and analytical results overlap, suggesting that the unclassified caps can be discarded without affecting the probability. Table S1 . Homologs to yeast, human, and Arabidopsis thaliana ERAD components identified in the Chlamydomonas reinhardtii genome (11, 12) . Chlamydomonas and Arabidopsis gene accessions numbers are from the Phytozome platform (1). Accompanies Figs. S1-S2.
Figure S14. Effects of pharmacological inhibitors on proteasome localization. (A-D) Live

Figure S16. Numerical justification for omitting unclassified caps from the statistical test of proteasome activity close to the ER membrane
S. cerevisiae H. sapiens A. thaliana C. reinhardtii Description
E3-related
Cre04.g217922 E3 ligase and ER retrotranslocation channel, primarily performs ERAD of luminal and membrane proteins (ERAD-L and ERAD-M Cre15.g636400 Cre12.g523500
Forms complexes with Hrd1, Doa10, and Cdc48. Required for ERAD of certain substrates.
E2-related
Cue1
CueDC1 / CueD1
At1g27752 Cre13.g568750 Recruits Ubc7 to the ER, targeting it to Hrd1 and Doa10. See note 5.
Ubc7
Ube2g1 Ube2g2
At3g55380 Cre12.g546650 E2 enzyme, functions with Hrd1 and Doa10.
Ubc6
Ube2j1 Ube2j2
At3g17000 Cre08.g372400 E2 enzyme, functions with Doa10. Cre14.g613350 Cre03.g179100
Substrate-related
Cdc48 ERAD-specific cofactor, forms heterodimer with Npl4. Cdc48 p97 / VCP At3g53230 At5g03340
Cre06.g269950 AAA-type ATPase, extracts proteins from the ER membrane.
Note 1: The predicted Chlamydomonas Hrd1 homolog, Cre04.g217922, is 951 aa, compared to 551 aa for yeast and 460 aa for Arabidopsis. However, the current gene model overlaps with a transposon-like insertion between the last two exons, likely responsible for an incorrect gene model containing a long C-terminal stretch of low-complexity sequence. GrabB seed extension (2) corrected the gene model to 333 aa, containing six transmembrane domains and ending after the RING domain (SI Appendix, Fig. S2 ). The corrected gene model is missing the C-terminal domain of Hrd1 that binds Usa1. Interestingly, a homolog for Usa1 could not be found in the Chlamydomonas genome (see note 4).
Note 2:
The Arabidopsis genome possesses two genes with significant similarity to Hrd1 and two genes with significant similarity to Hrd3. In plants, ERAD is involved in the targeted degradation of two mutant alleles of the brassinosteroid receptor BRI1; bri1-5 and bri1-9 missense mutants cause ER-retention and subsequent ERAD of the receptor. A genetic screen for suppressors of bri1-9 identified At1g18260, one of the homologs for Hrd3. The second homologue of Hrd3, At1g73570, cannot suppress bri1-9, suggesting it is not involved in ERAD of BRI1. The two Arabidopsis homologs of Hrd1, At3g16090 (HRD1A) and At1g65040 (HRD1B) are redundant, and only the hrd1a hrd1b double mutant can suppress bri1-9 (13).
Note 3:
Compared to the 1319 aa yeast Doa10, which has one ring finger and 14 transmembrane domains, Cre12.g517800 is only 298 aa, with one ring finger and four transmembrane domains. The gene immediately downstream, Cre12.g517850, shares similarity (49% identity and 60% similarity overall), with one ring finger and three transmembrane domains. The strongest sequence conservation is seen over the ring finger, with 80% identity and 88% similarity. There is no evidence that these two genes are a single locus.
Note 4:
Chlamydomonas appears to lack a clear homolog for Usa1/HERP. However, in yeast RAD23 has been reported to play a role in ERAD and may substitute for Usa1/HERP. The Chlamydomonas genome does encode one homolog for RAD23/HR23, with a very similar protein domain architecture (SI Appendix, Fig. S1 ).
Note 5:
Whereas yeast have several Cue proteins, humans only have one with just the Cue domain (CueDC1 / CueD1). There are other Cue-domain containing human proteins that contain additional domains. Arabidopsis and Chlamydomonas each only have one protein with a single Cue domain. However, the primary sequences of these Cue-encoding genes are sufficiently divergent from yeast Cue1 to have been missed by BLAST searches, and it is unknown whether they are functional homologues.
Note 6:
Chlamydomonas has two orthologs for BiP: BiP1 (Cre02.g080700) and BiP2 (Cre02.g080600). BiP1 and BiP2 share 90% identity (93% similarity) over the entire length of the protein sequence. The BiP1 and BiP2 genes are within 10 kbp of each other on chromosome 2, with HSP90B (Cre02.g080650) in between.
Note 7:
The current sequence of Cre06.g293051 includes a gap that separates two exons by an intron of 6000 Ns, flanked on either side by low complexity sequences. As a result, the current gene model for Npl40 has been fused at its N-terminus with an unrelated N-terminal ammonium transporter. GRAbB seed extension (2) corrected the gene model to 426 amino acids, containing three NPL4 domains (SI Appendix, Fig. S2 ).
